patients with a history of recurrent and severe hypoglycaemia and Type 1 diabetic patients with no severe hypoglycaemia were compared as regarded performances in tests of neuropsychological functioning. To test the hypothesis that recurrent severe hypoglycaemia gives rise to permanent cognitive impairment, the study group was selected among those patients who had met with repeated attacks over the last three years or more as identified by a questionnaire among almost 600 insulin-treated diabetic patients. The comparison group without known severe reactions were comparable to the study group with respect to type of diabetes, sex, age, age at onset, duration of diabetes, socio-economic parameters, and prevalence of neuropathy and retinopathy. The results indicate that Type i diabetic patients with recurrent severe hypoglycaemia scored lower than those without severe hypoglycaemia in tests of motor ability, short-term and associative memory and visuospatial tasks assessing ability in general problem-solving. Type 1 diabetic patients with severe hypoglycaemia also displayed a higher frequency of perspective reversals suggesting frontal-lobe involvement. These data can be interpreted in two ways. One interpretation implies that the cognitive impairment of Type i diabetic patients with severe hypoglycaemia reflects a selection factor, the other that recurrent episodes of severe hypoglycaemia result in permanent cognitive impairment.
Patients with Type i (insulin-dependent) diabetes mellitus always run the risk of suffering hypoglycaemic episodes, a fact which has become more and more evident over the last decade, as systematic monitoring of blood glucose has revealed unexpectedly high frequencies of hypoglycaemia [1] [2] [3] . Hypoglycaemia influences brain function due to the inability of the brain to utilize oxygen at low blood glucose levels, in spite of normal arterial oxygen tension [4] , which may result in brain damage. In clinical medicine such damage may be evident in the form of EEG abnormalities [5] [6] [7] [8] , mild dementia [9] and permanent neurologic sequelae [5, 10] . Children seem to be particularly vulnerable in this respect and youngsters who have had episodes of severe hypoglycaemia before the age of five show neuropsychological or EEG abnormalities with high frequency [11] [12] [13] . The majority of reports relating brain dysfunction to hypoglycaemia concern Type 1 diabetic children. So far, only a few studies have examined the relationship between hypoglycaemic episodes and brain function in adult Type 1 diabetic patients [9, 14] . These studies show that patients with a case history of severe hypoglycaemia perform more poorly than others in visuo-motor-coordination tests and that they display a lower IQ. Furthermore, some patients show mild dementia.
The present study was focussed on a subgroup of adult Type i diabetic patients with recurrent episodes of severe hypoglycaemia selected from a large group of insulintreated diabetic patients. Our aim was to evaluate the applicability of a battery of computerized neuropsychological tests in the present context, and to analyse whether recurrent severe hypoglycaemia could give rise to permanent cognitive impairment.
Subjects and methods
During 1985, insulin-treated Type I and Type 2 diabetic patients attending our out-patient clinic were asked to complete a questionnaire covering the frequency and symptoms of hypoglycaemia during the preceding 12 months. In particular, they were questioned about episodes of hypoglycaemia in which external help was re- Results expressed as n, mean + SD. a Neurological examination by physician, 0 = no symptoms or signs, 1 = symptomatic sensory neuropathy, 2 = loss of deep tendon reflex, 3 = 1 + 2. b Fundoscopic examination by ophthalmologist, 0 = none, 1 = non-proliferative, 2 = proliferative quired for relief. Five hundred and thirty-three patients (90%) out of a possible 593 answered the questionnaire. Ninety-eight of those patients (18%) reported at least one severe hypoglycemic episode, defined as an event with unconsciousness and need for external help. A detailed analysis revealed that twenty of those 98 patients had met with repeated attacks over the last three years or more without any obvious reason. Three patients were not further investigated; one 78-year-old female patient died during the investigation due to endstage, diabetic nephropathy and two were excluded because of high age and poor general condition. The remaining 17 patients (8 males, 9 females) having met with recurrent severe hypoglycaemia (SH) formed the study group. All were C-peptide negative and considered as Type 1 diabetic patients. For comparison a group of 17 patients was selected by matching, in order of priority, type of diabetes, sex, age and duration of diabetes from among the remaining 435 patients who, in the above questionnaire, did not report any episodes of severe hypoglycaemia (no-SH). The two groups were comparable with respect to sex, age, age at onset, duration of diabetes, injection frequency, insulin dose and HbAlc (normal values below 5.6%). The prevalence of neuropathy and retinopathy was also similar in the two groups (Table 1) . One patient in the no-SH group had poor visual acuity due to proliferative retinopathy (visus 0.2 on the best eye) but had no difficulty participating in the test. Only a limited number of the patients were using tranquilizers, thus, among the patients with SH, one was treated with nortriptylinchloride due to depression, another patient, suffering from insomnia, was regularly taking alimemazine and a third patient was taking hydroxizinchloride because of chronic allergic urticaria. In the no-SH group two patients were regularly taking nitrazepam due to insomnia. When asked to participate in the study, all patients accepted. The study was approved by the local Ethics Committee and all consenting persons signed an informed consent form. Patients were instructed beforehand to keep their regular lifestyle and to monitor blood glucose during the 24 h prior to the test. The test was postponed if hypoglycaemia, i. e. blood glucose below 3 retool/l, occurred within that period. If the blood glucose level was between 3-6 mmol/1 the patients were instructed to eat extra food.
In connection with the test session a personal interview about socio-economic factors was performed by using a standardized questionnaire. The employment status was studied by means of a modified version of the American Quality of Employment Survey [15] . The employment category included those who were currently employed full time or part time; the not professional practising included retired persons, housewives and students. The patients alcohol consumption was divided into five levels according to a classification based on a tentative risk evaluation scale [16] .
The neuropsychological examinations were performed at about 10.00hours under out-patient conditions. Blood glucose was measured immediately before and after the neuropsychological test session.
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Computerized neuropsychological tasks
Cognitive functions were assessed by the Automated Psychological Test System [17] . The time required for a test session of eight separate tests was approximately 60 min, including instructions. Each subject participated in two identical test sessions. Only data from the second session are presented. The following tests were administered.
The finger tapping test, assessing the motor ability, comprising five subtests: (1) 
The trail-making test, assessing visuo-motor-coordination, v&ual search and eye-hand coordination:
The subjects were to hit digits and letters in serial order by means of a joy-stick monitored cursor. The test included three parts: (1) a training session, during which the test and its solution were demonstrated twice on letters J to O; (2) a session with two Form A subtests (digits only, from 1 to 9) and one Form B subtest (digits and letters in combination from 1 A to 9J) for the preferred hand; and (3) an identical session for the nonpreferred hand. The scores used were means of individual hit times for the two Form A subtests (18 hits) and means of the Form B subtest (18 hits) for the preferred and the non-preferred hand. In addition, instances of failure to follow the sequence was assessed by a "navigation" parameter.
The Necker cube test, assessing the frequency of passively perceived perspective reversals, assumed to reflect frontal-lobe functions:
Before the test started, the figure-reversal phenomenon was explained to the subjects and demonstrated by an outline of a Necker cube drawn on a card. The subjects were instructed to look steadily at a central fixation point in the middle of the cube and to press a button each time the cube changed in perspective. The Necker cube (15 x 15 cm) was presented for 90 s. The scores were the numbers of perceived reversals, the median time interval between perceived reversals, and the time from the presentation of the cube until the first perceived reversal.
The digit span test, reflecting short-term memory and concentration:
The subjects were to memorize a series of digits, showing up like blips on the screen and then to reproduce them on the keyboard. In the first part this was to be done in shown order, in the second part in reverse order. The level of difficulty, i.e. the number of digits presented, was process-controlled; for each correctly reproduced item, the next contained one more digit and for each incorrectly reproduced item, the next contained one less digit. The forward task, starting with three digits, included 13 series. The backward task, starting with two digits, included 10 series. The scores were (a) the maximum number of digits forward, (b) the median of the last three series of digits forward, and corresponding data for digits backward.
The digit-symbol test, reflecting motor speed, visual search and associative learning: Sets of letter/digit combinations were shown on a translation board on the upper part of the screen. Then single letters were shown and the subjects were to mark corresponding digits on the keyboard. The number of sets increased stepwise from two over fivetoten.Totalmonitoringtimewas5 min. The scores were (a) the mean response time in phases 1, 2 and 3, and (b) the number of errors in phases 1, 2 and 3.
The maze test, a rather complex, visuo-spatial task reflecting factors of general intelligence, visuo-spatial skill, motor speed, and strategy and laterality factors [18, 19] : Maze patterns were presented on the monitor. The task of the subjects were to complete a pathway through the maze as fast as possible, passing as many targets as possible. The path through the maze was selected by operating a set of four buttons on the keyboard. The number of targets required for a correct solution might be presented with the maze pattern (with target information) or this information could be omitted (no target information). After an introductory maze session, the subjects were given a total of 16 mazes to solve, eight with target information and eight with no target information. The following parameters, based on skill and strategy aspects [20] , were calculated for each maze: processing rate (nodes per s), inspection rate (time in s from presentation of maze until first key press, divided by number of nodes of maze), check time (time after completing the pathway until pressing the confirm button), left/right preference (arbitrary units for preference for left-vs right-sided solutions), motor time (typical time for the most rapid key-pressing in ms), number of correctly solved mazes, largest maze pattern solved correctly, and number of rubouts. Medians were calculated over the eight mazes within the two conditions (target information and no target information). Inspection time, check time and number of rub-outs were interpreted as strategy indices. Left/right preference was used as a laterality parameter. Processing rate, motor time and number of correctly solved mazes were skill parameters. Finally, the contrast between processing speed and number of correctly solved mazes is a strategy parameter.
The digit-symbol memory test assessing associative memory:
This test is identical to the digit-symbol test, but without the translation list and with duration time 3 rain only. Subjects were instructed to respond within 6 s to letter stimuli according to what they remembered of the translation list and encouraged to guess when uncertain. The scores were (a) mean response time and (b) number of correct vs incorrect responses.
Statistical analysis
The results were analysed mainly by Student's t-test and the Wilcoxon paired-rank sum test when applicable. To assess differences in alcohol intake the Mann-Whitney sum rank test was used. Probabilities belowp < 0.05 were regarded as statistically significant. Unless otherwise stated, the data are presented as mean _+ SD.
ResuLts
The mean blood glucose concentrations before and after the neuropsychological testing were 10.7 + 4.9 mmol/1 (range 3.5-19.6) and 13.2 + 3. and one with no-SH had blood glucose values between 3.5 and 4.4 mmol/1 before the test and were, therefore, given extra food to prevent hypoglycaemia during the test procedure.
Socio-economic parameters are shown in Table 2 . The two groups were comparable with respect to education, employment status and level of exertion. No significant difference in alcohol consumption between the groups was found (23.5 • 22.4 vs 62.3 + 89.7 g alcohol/week). However, the tendency in the SH group was toward a greater number of teetotallers. Also in this group no patient was consuming more than the average intake of alcohol among Swedish adult inhabitants, 96 g alcohol/week [21] .
The neuropsychological test scores are given in Table 3 . Data from the finger tapping test, assessing the motor ability, showed significantly slower tapping in alternation right (t = 2.17,p < 0.05) and left (t = 2.30,p < 0.05) for Type 1 diabetic patients with SH.
Data from the Necker cube test, assessing perspective reversals, showed a significantly higher number of perceived reversals among Type 1 diabetic patients with SH (t = 2.06,p < 0.05).
Short-term memory and concentration, as assessed by the digit span test, showed that Type 1 diabetic patients with SH were not able to repeat as many number of digits forward as Type 1 diabetic patients with no-SH (t = 2.06, p < 0.05). Associative memory, as assessed by the digitsymbol test, showed that Type 1 diabetic SH patients responded slower in the task of translating letters into digits, when the translation list comprised five letters (2493 vs 2186 ms, t = 2.12, p < 0.05). There was also a trend towards significance in response time when ten letter/digit pairs were presented, Type 1 diabetic SH patients responding slower (2832 vs 2545 ms, t = 1.90, p < 0.10). In the digit-symbol memory test, no significant differences between the groups were found. 11.4 + 3.7 maze (rows) Rub-outs ( #/maze) 0.7 + 0.6 0.7 _+ 0.8 Significant difference from the SH group; a p < 0.001; b p < 0.01; ~ p < 0.05; Results expressed as mean + SD In the reaction time assessment, there was a trend suggesting that Type 1 diabetic SH patients elicited more crossed responses (left-sided response to a right-sided stimulus and vice versa) in the two-choice reaction time task (2.4 vs 1.7, t = 1.69,p < 0.10). There were no other differences in the reaction time task between the groups. Neither were there any differences for the trail-making test parameters.
The most complex test used in our study, the maze test, was applied in order to assess general problem-solving ability. Data from this test showed that Type 1 diabetic patients with SH had a markedly slower processing rate (t = 3.29, p < 0.001) and needed more time between the solution and the confirmation of each problem (t = 2.29, p < 0.01). Type 1 diabetic SH patients also used a more cautious strategy and therefore solved more mazes correctly (t = 2.31, p < 0.05). The performance on the maze test condition without target information showed that Type 1 diabetic patients with SH used a more sequential, left-hemisphere-type strategy in the solving process by using fewer rub-outs (0.3 vs 0.7 per maze, t =3.01, p < 0.01).
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Discussion
The present study supports the conclusion in the previously cited earlier (1973) study by Bale [9] that brain damage is related to the severity of past hypoglycaemic episodes. Our study is also in line with previous research by Skenazy [14] which found that performance IQ correlated negatively with the incidence of severe hypoglycaemic reactions. Bale assessed cognitive functions by the Walton-Black new world learning test [22, 23] and the Wechsler adult intelligence scale [24] . Skenazy, in 1984, also assessed cerebral faculties by the Wechsler adult intelligence scale [24] and in addition by the Halstead-Reitan neuropsychological test battery [25] . In our study we employed a computerized neuropsychological test battery developed in the 1980's [26] .
It is well known that the cognitive capacity is reduced acutely by hypoglycaemia, alcohol and many drugs. Also the chronic use of alcohol may affect intellectual functions. In the present study we had no indication that the diabetic patients with SH were using alcohol or tranquilizers more extensively, and during the test situation they all had a blood glucose level above the hypoglycaemic range. The difference observed in the cognitive tests between our two groups of Type 1 diabetic patients was probably not attributed to late diabetic complications as tests like reaction time, trail-making i.e. tests that required motor strength, motor speed and visual efficiency, were close to identical in the two groups. We also estimate that the reduction in cognitive capacity was acquired during their life with the disease, as the two groups had the same educational level.
Three of the neuropsychological methods used in our study are assumed to reflect frontal-lobe functions, on different levels of complexity and integration, the finger tapping, the Necker cube and the maze tests. The frontal lobes are concerned with planning, programming and controlling actions [20] . Speed of finger alternation, a part of the finger tapping test which measures a moderately complex motor act, was significantly impaired in our Type i diabetic patients with SH. The Necker cube data demonstrated that these patients had a significantly higher number of perspective reversals than those without severe hypoglycaemia. According to Cohen [27] , unilateral damage decreases and bilateral damage increases the rate of such reversals, and in a study by Yacorzinski and Davies it was demonstrated that patients with unilateral frontal lobectomy perceived fewer reversals than the control subjects [28] . During acute hypoglycaemia, i.e. blood glucose concentration of between 1.8 and 2.9 mmol/1 executive cognitive functions were profoundly affected and the frontal-lobe based functions were unilaterally affected [29] . Our Necker cube and finger tapping results, thus, suggest that the frontal-lobe dysfunction related to hypoglycaemic episodes is bilateral.
Performance in the maze tasks showed that the Type 1 diabetic patients with no-SH were superior to the patients with SH, particularly for mazes with target information. The maze test was originally designed to assess frontal lobe functions, but empirical studies, as well as a content analysis of the test suggest that factors of visuospatial skill, general intelligence and presence of brain lesion have high loadings [18] . Our data suggest that Type 1 diabetic patients with SH differed from the comparison group in two ways: they displayed inferior performance and they solved the test in a different way. Their solution strategy was characterized by a marked preference for accuracy rather than speed, and by doubts and hesitation when acknowledging the solution. Such a pattern of slowness and over-control has been associated with lateral rather than orbitomedial frontal lobe lesions [30] . One may speculate on how this particular way of solving a complex psychological test generalizes to problem-solving situations in everyday life. It is not too far fetched to suggest that indecision and anxiety will characterize such patients when confronted with a situation that calls for fast decisions. We have frequently observed that diabetic patients with recurrent severe hypoglycaemia, i.e. despite their knowledge and awareness of high-risk situations that might result in hypoglycaemia, do not take the necessary steps to avoid such situations.
Type 1 diabetic patients with SH showed slight impairments of short-term and associative memory in our study. These findings are in line with those of Bale, who showed that patients with SH performed poorly in the tests of auditory learning, including short-term memory [9] . In addition, we found a non-significant tendency towards deterioriated memory performances in our hypoglycaemiaprone patients concerning all the memory tasks applied. These memory disturbances may affect the activities of daily life in these patients in a similar manner to that of premature aging.
Our study shows that Type i diabetic patients with SH are cognitively impaired when compared with Type 1 diabetic patients with no-SH. The two groups were comparable with respect to sex, age, age at onset, duration of diabetes, educational level and alcohol consumption, a number of parameters which otherwise would have confounded the differences. Part of the impairment appears to be of the type associated with organic brain damage, and part appears to be related to preference for particular problem solving strategies, but it is impossible to say whether that behaviour is the cause for or the effect of recurrent severe hypoglycaemia. Since our study is retrospective, there are two possible interpretations of the association between hypoglycaemic episodes and cognitive impairment. Either there is a causal link, i.e. repeated severe hypoglycaemic episodes cause permanent cognitive impairment, or the association reflects some kind of selection procedure or a common underlying factor. This factor Should then be associated both with an increased frequency of hypoglycaemia, and with a lower cognitive performance level.
The two groups of patients were almost identical in terms of level of education, suggesting that there was probably no great difference in premorbid intellectual level between the groups. Compared to healthy control subjects the performance of the two groups of the present study was inferior in many of the tests, and more so for the SH group. This is probably related to age. The corn-R. Wredling et al.: Neuropsychological impairment and hypoglycaemia parison group which is avaliable has a median age of 35 (range 20 to 50) in contrast to the present one, in which age ranged from 26 to 72 with a median of 49. It is not easy to apply a meaningful comparison at a group level with such a large age span. Instead, we used an agematching paradigm, which is a more effective way to correct for the age factor.
In conclusion, since the study is retrospective, the data can be interpreted in two ways. One interpretation implies that the cognitive impairment of adult Type I diabetic patients with SH reflects a selection factor, the other that recurrent episodes of SH result in permanent cognitive impairment.
